1. Three experiments were conducted to investigate the influence of dietary energy intake on whole-body protein turnover in chicks.
It has been reported that in man and mammals, protein turnover rates are affected by various nutritional factors, particularly dietary protein and energy intakes (Reeds & Fuller, 1983) .
Changes in protein intake may cause alterations in protein turnover, leading to changes in growth and protein accretion. For example, elevation of whole-body protein synthesis by increasing dietary protein intake was reported in pigs (Reeds et al. 1981) . In rat skeletal muscle and in the whole-body, both protein synthesis and degradation increased with increasing dietary protein level from 0 to 200 g/kg, with no further increase above this dietary protein level (Laurent et al. 1984) . Although there has been a limited number of studies on whole-body protein turnover in avian species, results similar to those in mammals have been obtained (Muramatsu et al. 1987 b) .
As far as the effect of energy restriction on protein turnover is concerned, published results for man and mammals are in good agreement. Generally speaking, at a restricted energy intake, protein synthesis appears'to be reduced, as found in rat mammary gland (Jansen & Hunsaker, 1986) , skeletal muscle of man (Winterer et al. 1980) , and in the whole body of pigs (Reeds et al. 1981) and man (Golden et al. 1977; Garlick et al. 1980a; Winterer et al. 1980) . Protein degradation in skeletal muscle (Winterer et al. 1980 ) and whole body (Garlick et al. 1980a ) of man seems unchanged by mild energy restriction.
In contrast, existing evidence for the effect of energy excess is conflicting. Motil et al. (1981) found in man that excess energy intake did not change whole-body protein synthesis. In rat liver and skeletal muscle, however, Glick et al. (1982) reported a reduction in protein synthesis by overfeeding, although in their study there was increased consumption of dietary protein as well as energy.
In avian species, there is little information in the literature on the relation between dietary energy intake and whole-body protein turnover. In the chick, a 50% energy Energy intake and whole-body protein turnover * Muramatsu & Okumura (1985) . synthesis was measured and the values for FSR, FDR and carcass crude protein were measured as in Expt 1. Carcass fat was extracted overnight (about 16 h) with diethyl ether using a Soxhlet apparatus. Total heat production was calculated by subtracting the retained energy in the whole body from ME intake.
For calculating the contribution of protein synthesis to total heat production, the energy cost of 3.56 kJ/g protein synthesized was assumed (Waterlow et al. 1978) .
Expt 3
In Expt 3, the effect of excess energy intake on whole-body protein turnover was investigated. Chicks were maintained as in Expt 1 until 7 d of age. Mean initial body-weight (P < 005).
was 63.5 (SE 0.5) g. For the following 9 d, they were fed on fixed amounts of nutrients, with the exception of non-protein energy as shown in Table 2 . Daily ME intakes were set as 209
and 293 kJ/d, being approximately 40 YO higher energy intake than the assumed voluntary intake. The two experimental diets were force-fed, as described for Expt 2. For the measurement of FSR, the labelled phenylalanine was injected on day 7 (14 d of age). On days 5 and 9, three birds per treatment were used for the determination of net protein growth rate and FDR. Chemical analyses used for determination of FSR, FDR and carcass crude protein were the same as those used in Expt 1. Analysis of variance was done to assess the significance of the main effect of dietary energy level or energy intake with a statistical package, SAS (SAS Institute Inc., North Carolina), and Student's t test was used to evaluate the significance of difference between means (Snedecor & Cochran, 1980) .
R E S U L T S

Expt 1
Values for body-weight gain, ME intake, protein intake, protein retained, and whole-body protein synthesis and degradation are shown in Table 3 . 'Body-weight gain and protein retained during the experimental period were not significantly different for the ME values studied. Protein intake decreased in proportion to the increase in dietary ME values. There was no significant difference between the two lowest ME values, 10.6 and 12.6 kJ/g, for FSR and absolute synthesis rate (ASR; g/d), while an increase in these variables was observed with an increment in dietary ME values from 12.6 to 15.6 kJ/g. FDR showed a similar trend to that of FSR, but there was no significant difference in absolute degradation rate (ADR, g/d). Table 4 shows the values for body-weight gain, protein retained, and whole-body protein synthesis and degradation in chicks given ME intakes ranging from deficient to adequate levels. Body-weight gain increased with increasing daily ME intake. As daily ME intake was increased from 84 to 167 kJ/d, protein retention was improved, and above this level protein retention remained unchanged. The values for FSR and ASR increased as the daily ME intake rose from 84 to 167 kJ/d, and no further increase was found at the highest ME intake. Whole-body protein degradation showed a similar trend to that of protein synthesis.
Expt 2
The energy cost of whole-body protein synthesis on a per kg body-weight basis, total heat production and the contribution of whole-body protein synthesis to total heat production are shown in Table 5 . The energy cost of whole-body protein synthesis per kg body-weight showed a similar trend to that of ASR which increased up to 167 kJ/d with no further increase at 209 kJ/d. Total heat production increased with increased dietary ME intake up to 167 kJ/d, whereas above this level the value remained constant. Varying dietary ME intakes had no significant effect on the contribution of whole-body protein synthesis to total heat production. Table 6 shows the effect of increasing energy intake to approximately 40% of voluntary intake on body-weight gain, protein retained and whole-body protein turnover. Except for protein retained, which was significantly lower than that in the control group, no significant differences were found in any measurements. 
Expt 3
DISCUSSION
Examination of dietary non-protein energy intake
The present study was done to clarify the relation between energy intake and whole-body protein turnover in the chick. In Expt 1, this was attempted by varying dietary ME values under an ad lib.-feeding regimen, and it was found that although ME intakes and wholebody protein turnover changed in concert, the extent of these changes were smaller than had been expected because of altered food intake. The changes in food intake were consistent with the well-known ability of chickens partially to adjust their total voluntary energy intake (Scott et al. 1982) . Other nutrients besides non-protein energy varied because of intake differences; in consequence it was not possible to attribute changes in protein synthesis as due entirely to alterations in non-protein energy intake. The possible effect of changes in nutrient intake other than non-protein energy was, therefore, eliminated in Expts 2 and 3 by feeding a fixed amount of protein, minerals, vitamins and non-digestible substances to all treatment groups. The adequate total ME intake level was determined from the previous experiment for birds at 7-19 d of age (Muramatsu et al. 1987b) , being 188 kJ/d, which was slightly higher than those suggested by the National Research Council (1984) and Scott et al. (1982) .
Energy intake and protein turnover
The present study has demonstrated that, in chicks, increasing the non-protein energy supply to provide levels ranging from deficient to adequate total ME intake resulted in co- ordinated stimulation of both protein synthesis and degradation, the latter being less sensitive (Table 4) . No further changes in whole-body protein turnover were observed with excess ME intake ( Table 6 ). The results of energy restriction are in good agreement with the findings reported for leg muscle (Maruyama et al. 1978) . Thus, as far as whole-body protein turnover in the chick is concerned, the responses to dietary energy intake from deficient to excess are analogous to those for dietary protein intake (Muramatsu et al. 1987b ).
In general, the conclusions relating to energy restriction and excess energy drawn from the present study with chicks are the same as those suggested by studies in adult man and mammals (Golden et al. 1977; Garlick et al. 1980a; Winterer et al. 1980; Jansen & Hunsaker, 1986) , though some differences were observed. Whole-body protein degradation (Garlick et al. 1980a ) and skeletal-muscle protein degradation (Winterer et al. 1980 ) were unchanged in response to energy restriction in man. Besides the differences in the method used, and in the maturity of species studied and therefore factors associated with ageing such as hormonal sensitivity, the extent of energy deficiency would be an important factor which might account for the apparent disagreement, since the response of protein degradation to changes in nutrient intake is frequently less sensitive (Reeds et al. 1981) . In addition, it should be borne in mind that protein degradation is determined indirectly from the difference between protein synthesis and net accretion, and is, therefore, more subject to error than that of synthesis.
There might be some complications in interpreting the present results, although they would not invalidate entirely the conclusion reached. Since the design of Expt 2 was based on the fixed daily food intake throughout the experimental period, the birds lost body protein during the last few days of the experimental period in the lowest intake group. Consequently, whole-body protein degradation became higher than whole-body protein synthesis in this group, leading to the incompatible results between protein retention over
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little affect the values for FSR and ASR. Y. Aoyagi, J. Okumura and T. Muramatsu (unpublished results) found in fasted chicks that after diet refeeding, the extent of enhanced whole-body protein synthesis at 2 and 6 h was significantly different, but only by 10%. Therefore, the maximum variation detectable in FSR due to the different time scale with respect to nutrient absorption should be less than 10%.
The differences between Expts 2 and 3 in FSR and ASR at the same ME intake, 209 kJ/d, might be ascribed to the changes in relative concentration of non-protein energy sources. In Expt 3 where the effect of excess energy intake was tested, more fat was used than in Expt 2 in order to facilitate the force-feeding procedure. According to findings in pigs (Reeds et al. 1981) as quoted by Garlick (1986) , a dietary carbohydrate supplement has a larger stimulative effect on whole-body protein synthesis than that of a fat supplement. In addition, decreasing the dietary carbohydrate content might reduce plasma insulin concentration (Gill & Hart, 1979) , which is an important factor in the regulation of protein synthesis (Garlick et al. 1983; Millward et al. 1983) . Thus, the lower FSR and ASR found in Expt 3 compared with those in Expt 2 at the same ME intake level could possibly be brought about by the increased amounts of dietary fat relative to carbohydrates. Reeds & Fuller (1983) have argued that changes in protein turnover rates associated with alterations in food intake may represent separate responses of body protein turnover to dietary protein and energy, and have suggested that the effects of dietary protein and energy on protein metabolism, including turnover, are additive rather than interactive. If this is also true for the chick, it follows that the responses to changes in intake of the whole diet can be predicted from the separate responses to protein and energy. This possibility remains to be investigated.
Heat production and the contribution of protein synthesis As shown in Table 6 , total heat production increased with increasing dietary ME intake; similar results were derived by Miller & Payne (1962) . In the present study, the contribution of whole-body protein synthesis to total heat production was estimated to be about 14-15 % (Expt 2), which was considerably lower than that of 20 YO reported by Muramatsu & Okumura (1985) . This difference would be attributed to different feeding techniques : ad lib.-feeding in the former study and force-feeding in the present study. Alternatively, the lower estimate in the present study might be ascribable to the poorer growth and lower protein contents in the whole-body compared with those reported by Muramatsu & Okumura (1985) . The poorer performance was brought about not only by the restricted feed intake owing to the force-feeding regimen but also by dietary protein source (casein in the present study v. isolated soya-bean protein in the previous study) despite the supplement of limiting-amino acids according to the requirements recommended by the National Research Council (1984) . Judging from the fact that the present values for ASR obtained by adequate ME intake in Expt 2 were considerably lower than those found by Muramatsu & Okumura (1985) (7.3-7.5 g/d v. about 13 g/d) and that similar values for FSR were found at about 3 weeks of age, it appears that the protein content in the whole body gave the observed differences in ASR, and hence heat production associated with protein synthesis.
In order to obtain these estimates for the energy cost of protein synthesis, a factor of 3.56 kJ/g protein synthesis was used by assuming that 5 mol ATP would be required per mol peptide bond synthesized (Waterlow et al. 1978) . However, the choice of the multiplicative factor depends on the allowance for the extra energy expenditure other than amino acid acylation and peptide bond formation. The suggested values from stoichiometry ranged from 3.0 to 7.3 kJ/g protein synthesis as summarized by Aoyagi et al. (1988) . This may suggest that the present estimate of the contribution of protein synthesis to total heat production in chicks would fluctuate considerably, ranging from 12 to 31 %.
The estimation of energy cost of protein synthesis by regression analysis has also been attempted, as in pigs (Reeds et al. 1980 ) and in chicks (Muramatsu & Okumura, 1985; Muramatsu et al. 1987a ). The regression equation obtained in the present study was as follOws '
where HP, PS and FD are total heat production (kJ/kg body-weight per d), whole-body protein synthesis (g/kg body-weight per d) and fat deposition (g/kg body-weight per d) respectively. If a slope value of 11.6 kJ/g were used, the contribution of protein synthesis would account for 4 6 5 0 % of total heat production in the present study. Uncertainty about the contribution of protein synthesis to heat production remains to be investigated in the future. HP = 649 (SE 127) + 1 1.6 (SE 2.5) PS + 16.0 (SE 5.6) FD (r 0.95),
